The EPR parameters and the local structure for Co 2+ in ZnO are deduced from the perturbation formulas of these parameters for a 3d 7 ion in a trigonally distorted tetrahedron. The ligand orbital and spin-orbit coupling contributions are taken into account uniformly from the cluster approach in view of the covalency of the system. The impurity V 3+ is found not to locate exactly on the Zn 2+ site but to experience a small displacement of 0.04 Ǻ away from the ligand triangle, along the C 3 axis. The theoretical EPR parameters based upon the above impurity displacement are in good agreement with the observed values.
. Meanwhile, the g factors and the hyperfine structure constants also exhibit the anisotropies ∆g (= g // -g ⊥ ) and ∆A (= A // -A ⊥ ). The perturbation formulas of the EPR parameters for a 3d 7 ion in trigonally distorted tetrahedra were established based on the conventional crystal-field model [9] . In the theoretical treatments, only the central ion orbital and spin-orbit coupling contributions were considered and the contributions from the ligand orbitals and spin-orbit coupling interactions were neglected [9] . As mentioned before, the contributions to the EPR parameters from the ligand orbital and spin-orbit coupling interactions should be taken into account due to the significant covalency. Based on the cluster approach including the contributions from the ligand p-and s-orbital contributions [13] , the improved perturbation formulas of the EPR parameters for a 3d 7 ion under trigonally distorted tetrahedra can be obtained by utilizing the similar perturbation procedures [9, 14] :
Here g s (=2.0023) is the pure spin value. [9] . They can be expressed in terms of the cubic field parameter Dq and the Racah parameters B and C for the 3d 7 ion in crystals [9] . V and V' are the trigonal field parameters. κ is the core polarization constant. ζ and ζ' are the spin-orbit coupling coefficients, k and k' are the orbital reduction factors, and P and P' are the dipolar hyperfine structure parameters for the 3d 7 ion in crystals. They can be obtained from the cluster approach [13] :
Here N γ (γ = t and e denote the irreducible representations T 2 and E of T d group) are the normalization factors, and λ σ , λ π and λ s are the orbital admixture coefficients. S π , S σ and S s are the group overlap integrals. A denotes the integral
, with the metal-ligand distance R.
ζ d 0 and ζ p 0 are the spin-orbit coupling coefficients of the free 3d 7 and ligand ions, respectively. According to the cluster approach [13] , these molecular orbital coefficients can be determined from the normalization conditions
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and the approximation relationships
In the above formulas, N is the average covalency factor, characteristic of the covalency (or orbital admixtures) between the central ion and the ligands. In general, the orbital admixture coefficients increase with increasing the group overlap integrals, and one can approximately apply the proportional relationship λ σ /λ s ≈ S σ /S s for the orbital admixture coefficients and the related group overlap integrals with the same σ component. The trigonal field parameters can be calculated from the local geometrical relationship of the [CoO 4 ]
6-cluster using the superposition model [15] :
where and are the intrinsic parameters (with the reference or average metal-ligand distance R). For 3d n ions in tetrahedra, the relationships ≈ (27/16)Dq and ≈ 10.8 have been proved valid in many crystals [16] [17] [18] . From the above formulas, the EPR parameters (especially zero-field splitting D and anisotropy ∆g) are connected with the trigonal field parameters and hence with the local structure of the impurity center.
From the optical spectra for Co 2+ in ZnO [19] , the cubic field parameter Dq ≈ 400 cm -1 and the covalency factor N ≈ 0.86 can be determined. Utilizing the average distance (≈ 1.978Å [12] ) and the Slater-type self-consistent field (SCF) functions [20, 21] , the group overlap integrals S π ≈ 0.008, S σ ≈ -0.028, S s ≈ 0.016 and the integral A ≈ 1.288 are calculated. From Eqs. (2)- (4) a Calculations based on the host structural data (i.e., ∆R = 0 ) of Zn 2+ site and inclusion of the ligand orbital and spin-orbit coupling contributions. b Calculations based on the local structural parameters due to the impurity displacement ∆R in Eq. (6) and omission of the ligand contributions. c Calculations based on the displacement ∆R and inclusion of the ligand contributions. d The real g ⊥ with effective spin S' =1/2 should be half of the given value (≈ 4.5536 [10, 11] ). The signs of the experimental hyperfine structure constants were not determined [10, 11] . From the observed EPR data for Co 2+ in some tetrahedral environments [23] and the present calculations, both signs are negative.
It can be found that the theoretical results show poor agreement with the experimental data, especially the signs of the zero-field splitting D and the anisotropy ∆g are opposite to the experimental values. This means that the trigonal distortion (or the trigonal field parameters) based on the host Zn 2+ site in ZnO may be unsuitable for the studies of the impurity center. In fact, immediate environments around an impurity in a crystal may be dissimilar to that of the host cation site due to the different local physical and chemical properties in the impurity centers. Since the difference (≈ 1.6 [25] ) in electronegativity for Co 2+ -O 2-combination is about 30% smaller than that (≈ 2.3 [25] ) for the host Zn 2+ -O 2-one, the metal-ligand interactions in the impurity center can be stronger than those of the Zn 2+ site and thus induce local tension around the impurity. So, the doped Co 2+ is expected to shift away from the ligand triangle along C 3 axis so as to cancel the above local tension. In view of this point, the local structural parameters in Eq. (5) should be renewed by using the impurity displacement ∆R. Substituting the related values into Eq. (1) and matching the theoretical zero-field splitting D to the experimental value, one can obtain ∆R ≈ 0.04 Å (6) Note that the displacement direction away from the ligand triangle is defined as positive. The corresponding theoretical results (Cal. c ) are shown in Table 1 . For comparisons, the calculated values (Cal. b ) based on the local structural parameters due to the displacement ∆R and omission of the ligand orbital and spin-orbit coupling contributions (i.e., ζ = ζ'= ζ d 0 , k = k'= N and P = P'= N P 0 , similar to the conventional crystal-field treatments [9] ) are also given in Table 1 . Table 1 indicates that the theoretical EPR parameters (Cal. c ) based on the impurity displacement ∆R and inclusion of the ligand contributions are in better agreement with the observed values than those based on omission of the displacement (Cal. a ) or the ligand contributions (Cal. b ). Thus, the EPR spectra of ZnO:Co 2+ are theoretically explained, and the information of the impurity local structure is acquired in this work. 1) The EPR parameters can be characterized by the large zero-field splitting D (≈ 2.7 cm −1 ), which depends largely upon the trigonal field parameters and hence upon the impurity displacement ∆R. According to Eq. (5), the trigonal distortion is sensitive to the bond angle θ, and even small impurity displacement can considerably modify the local low symmetrical distortion and the resultant EPR
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parameters. On the other hand, the discrepancies between the theoretical (Cal. a ) and experimental g and A factors based on the host structural parameters of Zn 2+ site cannot be removed by adjusting the values of Dq and N. This is because these spectral parameters bring influences merely on the magnitudes or averages of the g and A factors, and the changes in these parameters cannot reverse the wrong signs of the anisotropies ∆g and ∆A under omission of the impurity displacement. Physically, substitution of Zn 2+ by Co 2+ exhibits a decrease of the electronegativity difference for the metal-ligand combination and thus leads to stronger Co 2+ -O 2− interactions and local tension in the impurity center. So, the impurity Co 2+ may experience an outward displacement away from the oxygen triangle so as to cancel the above local tension. Interestingly, similar divalent Mn 2+ was also found to suffer the comparable but larger axial displacement (≈ 0.087Å) in the same crystal based on EPR analyses [26] .
2) The studied ZnO:Co 2+ has significant covalency, which may be described as the covalency factor N (≈ 0.86 < 1) and the moderate orbital admixture coefficients (~ 0.3). As the ligand orbital and spin-orbit coupling contributions were neglected, the theoretical results (Cal. b ) are not as good as those including these contributions, especially the calculated D and g factors are smaller than the observed values. From the studies on the electronic levels for some transition-metal ions (e.g., Co 2+ ) in ZnO, obvious delocalization and anisotropic extension of 3d orbitals can be expected [27, 28] . Based on the present cluster approach calculations, the relative difference (k'/k) − 1 is about 22% for the orbital reduction factors. Therefore, the ligand contributions to the EPR parameters should be taken into account in the analysis of the EPR spectra and local structures for Co 2+ in ZnO and similar covalent environments.
3) The hyperfine structure constants also show significant anisotropy due to the obvious ∆g (see Eq.
(1) and Table 1 ). Similarly, the hyperfine structure constants are also sensitive to the trigonal distortion (characterized by the impurity displacement) and the ligand contributions. Thus, the improvements in the calculated A factors (Cal. c ) based on inclusion of the above contributions can be understood, and the related parameters (e.g., the core polarization constant) adopted in the calculations can be regarded as reasonable.
